INTRODUCTION
============

The development of a mild, economical, and practical catalytic process that can selectively and rapidly increase molecular complexity starting from readily available materials, especially petroleum-based feedstocks (e.g., alkenes, alkanes, and arenes), is a critical objective in both the academic and industrial communities. In this field, the functionalization of a molecule through transformations of an alkene and/or C─H bonds is a particularly fascinating but challenging goal, which has therefore attracted substantial attention from chemical researchers. Typical technologies include alkene dicarbofunctionalizations that enable the concomitant incorporation of two vicinal carbon-based functional groups to lengthen carbon chains and increase structural complexity ([@R1]--[@R4]). However, the vast majority of alkene dicarbofunctionalization approaches focus on the merger of the classical cross-couplings ([@R1]--[@R18]), which suffer from requiring expensive nucleophilic and electrophilic functional reagents, such as organometallic species and organohalides, for inserting the C═C bonds in the presence of noble transition metals and/or ligands. Moreover, examples that allow the addition of alkyl groups across alkenes to achieve dicarbofunctionalization are rare; this is partly because competitive side reactions, such as the Heck-type β-hydride elimination, homocoupling, isomerization, and/or protodemetalation, are common in these types of reactions ([@R5]--[@R18]).

Alternatively, alkene dicarbofunctionalizations via the oxidative radical functionalization of one or two C─H bonds has attracted increasing interest in the past few years because it features excellent selectivity, high atom economy, and cost efficiency by avoiding the use of expensive functional reagents and noble metals ([@R19]--[@R21]). However, the number of available methods is much lower, and methods are limited to two modes, alkylarylation ([@R22]--[@R26]) and acylarylation ([@R27], [@R28]), which are accomplished via an intramolecular inherent aryl C(sp^2^)─H cyclization process to prepare cyclic compounds at high reaction temperatures. Furthermore, to the best of our knowledge, examples of using two distinct C(sp^3^)─H bonds in the intermolecular dialkylation of alkenes has not been reported, as controlled functionalizations of two or more distinct C(sp^3^)─H bonds across a functional group or a molecule (e.g., an alkene or alkyne) in a single reaction is challenging.

Merging visible light photoredox catalysis with transition metal catalysis has become a conceptually powerful strategy for the formation of chemical bonds owing to its extraordinary catalytic activity and mild conditions ([@R29]--[@R32]), and this method has also been applied to the functionalization of C(sp^3^)─H bonds ([@R29]--[@R37]). In these radical processes, selectivity and reactivity could be manipulated mainly through tuning the oxidation and reduction potentials of the reaction partners and catalysts ([@R29]--[@R32]). We envisioned that using photoredox and transition metal catalysts cooperatively might allow the controlled and simultaneous transformation of an alkene with two or more C(sp^3^)─H bonds under mild conditions by regulating the oxidation and reduction potentials. Here, we report a new radical-mediated intermolecular 1,2-dialkylation of terminal alkenes with two distinct C(sp^3^)─H bonds enabled by synergistic photoredox catalysis and iron catalysis ([Fig. 1](#F1){ref-type="fig"}). The activation of two distinct C(sp^3^)─H bonds for insertion across C═C bonds is disclosed for the first time, and in this reaction, a C(sp^3^)─H bond of a cycloalkane, linear alkane, or ether serves as an sp^3^-hybridized carbon-centered radical precursor to initiate this reaction, and the other C(sp^3^)─H bond, α to a 1,3-dicarbonyl fragment, terminates this reaction. Notably, such multifunctional 1,3-dicarbonyl compounds are among the most common and versatile building blocks in synthesis, and they are privileged structural units in natural products, bioactive molecules, and materials.

![1,2-Dialkylation of alkenes with two distinct C(sp^3^)─H bonds.\
Synergistic photoredox catalysis and iron catalysis for the intermolecular dialkylation of alkenes with alkanes and 1,3-dicarbonyl compounds to synthesize two functionalized 1,3-dicarbonyl compounds.](aav9839-F1){#F1}

RESULTS
=======

Optimization of the reaction conditions
---------------------------------------

Initial experiments were performed using three reaction partners, namely, 1-methoxy-4-vinylbenzene (**1a**), cyclohexane (**2a**), and ethyl 3-oxo-3-phenylpropanoate (**3a**), by merging photoredox catalysis and iron catalysis ([Table 1](#T1){ref-type="table"}). The use of Fe(OTf)~2~ as the metal catalyst and Eosin Y as the visible light catalyst in the presence of 2 equiv of di-*tert*-butyl peroxide (DTBP) and a 5-W blue light-emitting diode (LED) light at 30°C successfully allowed the 1,2-dialkylation of alkene **1a** with **2a** and **3a**, giving the desired product **4aaa** in 82% yield (entry 1). However, in the absence of Fe(OTf)~2~, only trace gas chromatography (GC) yield of **4aaa** was observed at either 30° or 120°C (entry 2). We found that a lower \[10 mole percent (mol %)\] or a higher (30 mol %) loading of Fe(OTf)~2~ had a negative effect (entries 3 and 4). Other Fe catalysts, including FeCl~2~, Fe(acac)~2~, Fe(OTf)~3~, and FeCl~3~, were examined (entries 1 and 5 to 7), and each of them was less efficient than Fe(OTf)~2~, and the Fe(II) catalysts were more active than the Fe(III) catalysts. Both Eosin Y (entry 8) and DTBP (entry 9) are necessary for the dialkylation to proceed below 100°C (entries 2 to 7), as in the absence of either, the reaction did not proceed. It is noteworthy that without Eosin Y, the reaction can proceed when the reaction temperature is increased to 110°C (entry 9; 36% yield at 110°C and 80% yield at 120°C), but without DTBP, the reaction does not occur even at 120°C (entry 12). Furthermore, the reaction did not proceed in the dark at 30°C but did generate **4aaa** in 78% yield (entry 15). These results suggest that the photoredox catalyst promotes the reaction, probably by reducing the oxidation and reduction potentials of the iron intermediates. However, other visible light metal catalysts \[e.g., Ru(bpy)~3~Cl~2~ or Ir(ppy)~3~\] and peroxides \[e.g., *tert*-Butyl hydroperoxide (TBHP) or *tert*-Butyl peroxybenzoate (TBPB)\] all proved to be less reactive (entries 10 and 11 and 13 and 14). The reaction proceeded smoothly on scales up to 1 mmol of **1a** (80% yield; entry 16).

###### Optimization of reaction conditions.

Experiments were performed with **1a** (0.2 mmol), **2a** (2 ml), **3a** (2 equiv), Fe(OTf)~2~ (20 mol %), Eosin Y (10 mol %), DTBP (2 equiv), 5-W blue LED, argon, 30*y*°C, and 48 hours. The dr value is 1.1:1, as determined by ^1^H nuclear magnetic resonance (NMR) analysis of the crude product.

  **Entry**   **Variation from the optimal conditions**   **Isolated yield (%)**
  ----------- ------------------------------------------- -------------------------
  1           None                                        82
  2           Without Fe(OTf)~2~                          Trace\*
  3           Fe(OTf)~2~ (10 mol %) at 60°C               40
  4           Fe(OTf)~2~ (30 mol %)                       53
  5           FeCl~2~ instead of Fe(OTf)~2~               71
  6           Fe(acac)~2~ instead of Fe(OTf)~2~           62
  7           Fe(OTf)~3~ instead of Fe(OTf)~2~            8
  8           FeCl~3~ instead of Fe(OTf)~2~               21
  9           Without Eosin Y                             Trace^†‡^/36%^§^/80%^║^
  10          Ru(bpy)~3~Cl~2~ instead of Eosin Y          \<5
  11          Ir(ppy)~3~ instead of Eosin Y               \<5/51%^¶^
  12          Without DTBP                                Trace\*
  13          TBHP instead of DTBP                        22
  14          TBPB instead of DTBP                        57
  15          Without visible light (in the dark)         Trace/31%^‡^/78%^║^
  16\#        None                                        80

\*At 30° or 120°C.

^†^At 30° or 100°C.

^‡^At 60°C.

^§^At 110°C.

^║^At 120°C.

^¶^At 80°C.

^\#^**1a** (1 mmol).

Substrate scope with respect to alkenes
---------------------------------------

With the optimal reaction conditions in hand, we then investigated the generality of this three-component dialkylation protocol with respect to alkenes ([Table 2](#T2){ref-type="table"}), alkanes, and 1,3-dicarbonyl compounds ([Table 3](#T3){ref-type="table"}). Under the optimal conditions, this protocol proved amenable to a wide range of terminal alkenes, including arylalkenes **1b** to **1l**, 1,1-disubstituted alkene **1m**, alkyalkene **1n**, and methyl acrylate **1o** but unsuitable for internal alkene **1r** ([Table 2](#T2){ref-type="table"}). For arylalkenes **1b** to **1l**, several substituents, including Me, Cl, Br, CN, and MeO, on the aryl ring were well tolerated (**4baa** to **4jaa**), and their electronic and steric properties influenced the yields. While alkene **1b** with an electron-donating 4-Me group gave 70% yield of **4baa**, alkene **1e** with an electron-withdrawing 4-CN group afforded 46% yield of **4eaa**. Unexpectedly, *o*-MeO--substituted arylalkene **1i** is more reactive (**4iaa**) than *m*-MeO--substituted alkene **1f** (**4faa**), probably due to the electronic effect more so than the steric effects. Notably, halogen groups, including Cl and Br, are compatible with the optimal conditions and thus provide easy handles for further synthetic elaboration of the halogenated positions (**4caa** to **4daa** and **4kaa**). Using polysubstituted arylalkenes **1j** and **1k** provided **4jaa** to **4kaa**. Both 2-vinylnaphthalene **1l** and styrene **1m** are suitable substrates for constructing **4laa** to **4maa**. Prop-1-en-2-ylbenzene **1n**, a 1,1-disubstituted alkene, was smoothly transformed into **4naa**. However, (1-cyclopropylvinyl)benzene **1o** did not afford **4oaa** and instead generated 4-(cyclohexylmethyl)-1,2-dihydronaphthalene (**5oa**) via ring opening, which supports a radical process ([@R24]). Notably, alkylalkene **1p** and electron-poor methyl acrylate **1q** successfully delivered **4paa** to **4qaa**, albeit in reduced yields. Unfortunately, attempts at the 1,2-dialkylation of internal alkene **1r** failed to provide **4raa**.

###### Variation of the alkene (1).

Experiments were performed with **1** (0.2 mmol), **2a** (2 ml), **3a** (2 equiv), Fe(OTf)~2~ (20 mol %), Eosin Y (10 mol %), DTBP (2 equiv), 5-W blue LED, argon, 30°C, and 48 hours. The dr value is given in the Supplementary Materials and was determined by ^1^H NMR or GC--mass spectrometry (MS) analysis of the crude product.

\*At 80°C.

^†^At 100°C.

^‡^At 130°C without the photocatalyst.

###### Variation of the alkane (2) and 1,3-dicarbonyl compounds (3).

Experiments were performed with **1a** (0.2 mmol), **2** (2 ml), **3** (2 equiv), Fe(OTf)~2~ (20 mol %), Eosin Y (10 mol %), DTBP (2 equiv), 5-W blue LED, argon, 30°C, and 48 hours. The dr value is given in the Supplementary Materials and was determined by ^1^H NMR or GC-MS analysis of the crude product.

\*At 80°C.

^†^At 60°C

^‡^At 130°C without the photocatalyst.

Substrate scope with respect to alkanes and 1,3-dicarbonyl compounds
--------------------------------------------------------------------

As shown in [Table 3](#T3){ref-type="table"}, a broad scope was also found for the alkane **2** and 1,3-dicarbonyl **3** reaction partners. A number of cycloalkanes, including cyclopentane **2b**, cycloheptane **2c**, cyclooctane **2d**, and bulky adamantane **2e**, underwent 1,2-dialkylation with alkene **1a** and 1,3-dicarbonyl **3a** in good to excellent yields (**4aba** to **4aea**). Using *n*-hexane **2f**, a linear alkane, delivered **4afa** in 81% yield, albeit as a mixture of regioisomers. Notably, the benzyl C(sp^3^)─H bond of **2g** and the C(sp^3^)─H bond adjacent to an oxygen atom in **2h** could react to afford corresponding products **4aga** and **4aha**.

The optimized conditions also proved to be tolerant of a wide array of 1,3-keto esters **3b** to **3j** and 1,3-diketones **3k** to **3l** (**4aab** to **4aal**). Ethyl 3-(4-methoxyphenyl)-3-oxopropanoate (**3b**) was highly reactive and afforded 92% yield of **4aab**. However, the reactivity of 3-oxobutanoates **3c** to **3e** was lower, and the products were generated in moderate yields (**4aac** to **4aae**). Notably, two by-products, **6aa** and **7aa**, were observed in the reaction of **3c**. Using 3-oxopentanoate **1f**, 3-oxohexanoate **1g**, or 3-cyclopropyl-3-oxopropanoate **1h** successfully delivered **4aaf** to **4aah** in 64 to 80% yields. Both 2-methyl-3-oxobutanoate **3i** and 2-oxocyclohexane-1-carboxylate **3j** provided challenging quaternary carbon centers, making this an attractive method for synthesis (**4aai** to **4aaj**). 1,3-Diketones **3k** and **3l** were also suitable substrates and provided **4aak** to **4aal**. Unfortunately, diethyl malonate **3m** had no reactivity for accessing **4aam**.

DISCUSSION
==========

Control experiments and mechanistic studies
-------------------------------------------

Control experiments ([Table 1](#T1){ref-type="table"} and fig. S2) and the reaction progress with the light on or off over time (fig. S3) show that this alkene 1,2-dialkylation protocol is achieved through cooperative photoredox and iron catalysis ([@R38]). Consequently, the mechanisms of this alkene dialkylation reaction were proposed on the basis of the current results and the reported processes ([Fig. 3](#F3){ref-type="fig"}). To further verify it, the loadings of Eosin Y were examined ([Fig. 2A](#F2){ref-type="fig"}). The results demonstrated that the yield of **4aaa** decreased with reducing the Eosin Y loadings. While in the absence of Eosin Y the dialkylation protocol cannot occur at 30°, 60°, or 100°C under blue light (entry 9; [Table 1](#T1){ref-type="table"}), using 10 mol % Eosin Y at 60°C led to 31% yield of **4aaa** in the dark (entry 15; [Table 1](#T1){ref-type="table"}). According to these results and the half-lift period data of DTBP ([@R39], [@R40]), the Eosin Y and iron cooperating catalysis might activate DTBP to make DTBP decomposition at lower temperature. Moreover, the cyclic voltammogram experiments indicated that the photocatalyst could modulate the redox potential of the Fe(OTf)~2~ catalyst (figs. S4 to S6). It was noted that in the presence of TEMPO, a radical inhibitor, the reaction of alkene **1a** with cyclohexane **2a** and dicarbonyl compound **3a** was completely inhibited, and another product (**10**) from the reaction of cyclohexane **2a** with TEMPO was observed ([Fig. 2A](#F2){ref-type="fig"}). The results suggest that the radical process first generates cyclohexyl sp^3^-hybridized carbon-centered radical **A** ([Fig. 3](#F3){ref-type="fig"}), which was also supported by the formation of **5oa** ([Table 2](#T2){ref-type="table"}). In the absence of dicarbonyl compounds **3**, both the Heck-type β-H elimination product **6aa** and the two radicals homocoupling product **7aa** were obtained ([Fig. 2C](#F2){ref-type="fig"}): With enhancing temperatures, yield of **6aa** increased slowly, but yield of **7aa** increased sharply. However, the reaction could not take place without Eosin Y at 30° or 100°C (entry 9 in [Table 1](#T1){ref-type="table"} and [Fig. 2C](#F2){ref-type="fig"}). The results support the formation of the 2-cyclohexyl-1-(4-methoxyphenyl)ethyl radical **B** and carbocation **C**. Moreover, the higher temperatures are conducive to the radical **B** forming, and the conversion of the radical **B** into the carbocation **C** is far slower than the radicals homocoupling. In contrast to the results in [Table 1](#T1){ref-type="table"}, addition of dicarbonyl nucleophiles **3** obviously promotes the generation of the carbocation **C**.

![Control experiments.\
(**A**) Loadings of Eosin Y on the reaction. (**B**) Trapping experiment with a stoichiometric amount of radical inhibitor. (**C**) Reaction between alkene **1a** and cyclohexane **2a** in the absence of dicarbonyl compounds.](aav9839-F2){#F2}

![Possible mechanism.\
The generation of cyclohexyl sp^3^-hybridized carbon-centered radical **A** and new alkyl radical intermediate **B** is supported by experimental evidence, and subsequent single-electron oxidation and nucleophilic reaction with 1,3-keto ester **3a** afford **4aaa**.](aav9839-F3){#F3}

To further understand the mechanism, the cyclic voltammetry experiments of the catalytic system and substrates were conducted to study the redox potential (figs. S4 to S6). Two oxidation peaks of Fe(OTf)~2~ were observed at −1.560 V~SCE~ and −0.790 V~SCE~ in CH~3~CN, while two reduction peaks appeared on the reverse scan at −0.203 V~SCE~ and −1.000 V~SCE~ (fig. S4). The first oxidation peak of Fe(OTf)~2~ was quasi-reversible, and only one electron was transferred in the oxidation process. Ethyl 3-oxo-3-phenylpropanoate (**3a**) (three oxidation peaks) exhibited a higher oxidation potential than cyclohexane (**2a**), implying that **2a** was likely to first undergo oxidative C─H cleavage. As shown in fig. S5, the cyclic voltammogram curve from a mixture of Fe(OTf)~2~ and Eosin Y featured an onset oxidation potential of −0.255 V~SCE~ and an oxidation peak at 0.871 V~SCE~ for the oxidation of Fe(II) to Fe(III) with the aid of Eosin Y\*, while it featured a reduction peak at −0.416 V~SCE~ and a notable reduction peak at −1.725 V~SCE~, which makes the Fe(III) reduction very easy. A mixture of multiple component experiments outlined in fig. S6 indicated that both the mixed **1a/2a/3a**/Eosin Y and **1a/2a/3a**/Eosin Y/Fe(OTf)~2~/DTBP have one oxidation peak at about 0.763 V~SCE~, whereas the mixed **1a/2a/3a**/Eosin Y/DTBP has two higher oxidation peaks (0.436 V~SCE~ and 0.742 V~SCE~). However, the mixed **1a/2a/3a**/Fe(OTf)~2~/Eosin Y shows a rather low oxidation peak at 0.845 V~SCE~, presumably signifying a one-electron reduction event of Fe(OTf)~2~ to form the Eosin Y\* radical anion. Notably, the Stern-Volmer fluorescence quench experiments were investigated (fig. S7). The emission intensity of Eosin Y is obviously diminished, which is affected by the concentration of Fe(OTf)~2~, and is slightly influenced when using DTBP or cyclohexane (**2a**), suggesting that Fe(OTf)~2~ provides the electron for the reductive quenching of the Eosin Y\* excited state.

Consequently, DTBP may be readily split into the *tert*-butoxyl radical ([@R38]) with the aid of photoredox ([@R29]--[@R37]) and iron ([@R19]--[@R28]) synergistic catalysis \[the Fenton chemistry ([@R38])\] ([@R39], [@R40]), and the radical then abstracts a hydrogen from cyclohexane (**2a**) to afford sp^3^ carbon-centered radical intermediate **A** ([Fig. 3](#F3){ref-type="fig"}). Subsequently, addition of intermediate **A** across the C═C bond of alkene **1a** gives new alkyl radical intermediate **B**, which is supported by these results, including the formation of product **5oa** from the reaction of alkene **1o** with cyclohexane **2a** ([Table 2](#T2){ref-type="table"}) ([@R24]) and two other by-products **6aa** and **7aa** from the reaction of alkene **1a** with cyclohexane **2a** at 60°C in the presence of methyl 3-oxobutanoate ([Table 3](#T3){ref-type="table"} and [Fig. 2C](#F2){ref-type="fig"}). Last, intermediate **B** undergoes single-electron oxidation via the cooperative effects of the active Fe(III) species ([@R19]--[@R28]), which is generated from the oxidation of the Fe(II) species by the \[Eosin Y\]\* intermediate ([@R29]--[@R37]) to deliver carbocation intermediate **C** followed by nucleophilic reaction with 1,3-keto ester **3a** to access **4aaa**. Among these processes, the photoredox catalysis might assist in the single-electron oxidation step by regulating the oxidation and reduction potentials of the iron intermediates and the reaction partners ([@R29]--[@R40]).

In summary, we have established the first intermolecular unsymmetrical 1,2-dialkylation of alkenes with two distinct C(sp^3^)─H bonds through cooperative photoredox and iron catalysis. The reaction allows concomitant incorporation of two vicinal alkyl groups across the C═C bond via dual C(sp^3^)─H functionalization under mild conditions, and the method features high atom economy, excellent functional group tolerance, and broad substrate scopes with respect to both the sp^3^ carbon-centered radical precursors (such as cycloalkanes, linear alkanes, and 1,4-dioxane) and the 1,3-dicarbonyl nucleophiles. This alkene dicarbofunctionalization reaction represents a novel and powerful strategy for the controlled functionalization of two or more different C(sp^3^)─H bonds across an alkene or alkyne in a single reaction to access complex functionalized molecules through regulating the oxidation and reduction potentials of the iron intermediates and the reaction partners. Further studies on the applications of this new strategy for transforming petroleum-based feedstocks are currently underway.

MATERIALS AND METHODS
=====================

General procedure for intermolecular dialkylation of alkenes with two distinct C(sp^3^)─H bonds enabled by synergistic photoredox catalysis and iron catalysis
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Alkene **1** (0.2 mmol), alkane **2** (2 ml), 1,3-dicarbonyl **3** (0.3 mmol), Fe(OTf)~2~ (20 mol %; 0.02 mmol), Eosin Y (10 mol %; 0.02 mmol), and DTBP (2 equiv; 0.4 mmol) were added to a Schlenk tube. Then the tube was charged with argon, and the mixture was stirred at the indicated reaction temperature (30° to 130°C) for 48 hours until complete consumption of starting material, as monitored by thin-layer chromatography and/or GC--mass spectrometry (MS) analysis. After cooling to room temperature, the mixture was filtered through a small plug of silica gel to remove the precipitate, and the plug was washed with EtOAc (3 × 10 ml). The solvent was then removed in vacuo, and the residue was further purified by silica gel flash column chromatography (10 to 40% ethyl acetate in hexane) to afford the desired product **4**.
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